Keywords: Lewis acids / Ene reaction / Oxidation / Wacker / Perhydrofurofurans A range of 2-substituted perhydrofuro [2,3-b]furans has been synthesised in a stereoselective manner through a sequence including the Lewis-acid catalysed carbonyl-ene reaction of protected isopentenyl alcohol with a variety of enophiles, deprotection of the corresponding monoprotected diols, and palladium-catalysed intramolecular acetalisation under Wackertype reaction conditions.
Introduction
Perhydrofuro [2,3-b] furans possess an interesting bicyclic acetal structure which is present in many natural products. [1] In particular, those substituted at the 2-position can be found as substructures in neo-clerodane diterpenes, which are especially abundant in Ajuga [2] and Scutellaria [3] species. Lupulin C (I), [2a] scutecolumnin C (II), [3a] and areptin A [2c] are some representative examples of this family of natural products (Figure 1 ), which exhibit notable insect antifeedant activity. [4] Compounds IV and V are synthetic analogues, with the latter displaying the above mentioned activity in laboratory bioassays. [5] The reported synthetic routes toward this type of compounds are, however, rather long. [4] [5] [6] Therefore, the design of alternative approaches to attain 2-substituted perhydrofuro [2,3-b] furans in a straight manner would be welcome.
Our continuous interest in the synthesis of fused bicyclic [7] and spirocyclic [8] polyether skeletons, led us to the discovery of a new and highly efficient synthesis of 2,5-substituted perhydrofuro [2,3-b] furans. The strategy consisted of the arene-catalysed lithiation of allylic chlorinated substrates and subsequent reaction with carbonyl compounds, followed by an intramolecular acetalisation of the resulting 3-methylidene-1,5-diols under Wacker-type reaction conditions. [9] More recently, we have developed a new synthesis of 2-substituted perhydrofuro [2,3-b] furans based on the ultrasoundpromoted generation of the dianion of isopentenyl alcohol and reaction with carbonyl compounds, followed by the aforementioned intramolecular acetalisation. [10] The methodology was applied both to ketones and aldehydes, with the perhydrofuro [2,3-b] furans arising from the latter being obtained stereoselectively (Scheme 1). Although the overall yields were modest, this approach represents, to the best of our knowledge, the most direct route to this kind of compounds reported hitherto. In addition, their transformation into the corresponding lactones was easily accomplished by ruthenium-catalysed oxidation.
Notwithstanding the advantages of this methodology, all the perhydrofurofurans synthesised bore hydrocarbon substituents due to the incompatibility of the dianion of isopentenyl alcohol with many functional groups. We sought to synthesise more functionalised methylidenic 1,5-diols, and we identified the carbonyl-ene reaction as a potential solution. This is an atomefficient carbon-carbon bond forming reaction, alternative to the carbonyl addition of allylmetals, in which an alkene bearing an allylic hydrogen (the ene) reacts with a carbonyl compound (the enophile), accompanied by migration of the double bond and a 1,5-hydrogen shift. [11] The intermolecular version is entropically disfavoured with respect to the intramolecular counterpart and hence the carbonyl group needs to be highly activated. Lewis acid promoters, such as aluminium halides, and catalysts, such as SnCl 4 , BF 3 ·OEt 2 , Sc(OTf) 3 or Yb(OTf) 3 , enable the ene reactions to proceed at room or low temperature. Most of the research concerning intermolecular processes is focussed on nonfunctionalised hydrocarbon-based enes. [12] Few reports deal with protected methallyl alcohol as the ene component, [13] whereas the carbonyl-ene reaction with isopentenyl alcohol has been seldom studied. [14] We wish to present herein a new and straight route towards the synthesis of functionalised 2-substituted perhydrofuro [2,3-b] furans involving the carbonyl-ene reaction of protected isopentenyl alcohol with activated enophiles, followed by deprotection and oxidation-acetalisation under Wacker-type [15] reaction conditions.
Results and Discussion
Initial attempts to directly react isopentenol with either paraformaldehyde or ethyl glyoxylate, in the presence of variable amounts of different Lewis acids, led to complex mixtures and/or to the starting material. A maximum 20% conversion into the desired homoallylic diol was recorded for the reaction with ethyl glyoxylate promoted by SnCl 4 (1 equiv.) at -78 ºC after 72 h. Therefore, we decided that it was more convenient to carry out all the ene reactions with protected isopentenol as the tbutyldimethylsilyl ether 1. Unfortunately, we could not find a Lewis acid that might be generally applied to a range of enophiles. Consequently, a selection of the Lewis acid and optimisation of the reaction conditions was mandatory for every enophile studied. [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Substantial amounts of by-products were obtained.
Paraformaldehyde has been one of the most studied enophiles with hydrocarbon enes, generally giving modest yield of the homoallylic alcohols. [16] To the best of our knowledge, there is only one example in the literature that reports its reaction with isopentenyl alcohol which, in the presence of Me 2 AlCl, led to a mixture of three products. [17] We observed that BF 3 ·Et 2 O at 0 ºC gave the expected product in moderate conversion, although substantial amounts of by-products were also present irrespective of the reaction conditions ( We next studied the behaviour of 2-oxoesters as the enophiles, starting with ethyl glyoxylate (2b). In this case, either TiCl 4 or Me 2 AlCl gave low conversions into 3b (Table 2 , entries 1 and 2). The AgSbF 6 /rac-BINAP-PdCl 2 combination, which proved to be effective in the asymmetric version of the glyoxylate-and phenylglyoxal-ene reaction with hydrocarbon enes, [18] furnished the expected product in moderate conversion, independently of the temperature and reaction time ( Table 2 , entries 3 and 4). In contrast, SnCl 4 gave more satisfactory results; catalytic amounts of the Lewis acid led to moderate conversions and by-product formation ( Table 2 , entries 5 and 6). The reaction outcome was, however, especially good with stoichiometric amounts at low temperature and prolonged time ( Table 2 , entries 7 and 8). [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Substantial amounts of a by-product were obtained.
Stoichiometric SnCl 4 was also the promoter of choice in the carbonyl-ene reaction of 1 with ethyl pyruvate (2c) ( Table 3 , entry 3). It is noteworthy that, under the reaction conditions tested, partial deprotection towards the corresponding diol 4c was observed. This fact, rather than being a problem, was somewhat advantageous if we consider that compounds 3 were later subjected to protodesilylation. We must point out that carbon-carbon double bond isomerisation occurred when scaling the reaction to > 1 mmol, giving rise to a ca. 3:1 mixture of 3c and (E)-ethyl 6-[(tertbutyldimethylsilyl)oxy]-2-hydroxy-2,4-dimethylhex-4-enoate.
Ethyl 3,3,3-trifluoropyruvate (2d) was found to be a rather problematic enophile despite being more activated than ethyl pyruvate (2c). For instance, stoichiometric SnCl 4 afforded near equimolecular ratio of 1 and the deprotected product 4d together with multiple by-products (Table 4 , entry 1). The AgSbF 6 /rac-BINAP-PdCl 2 combination was shown to be somewhat effective only for long reaction times at low temperature ( [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Deprotected 3c. [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Deprotected 3d.
[c] 22% of the double bond isomerisation product was obtained.
[d] 6% of the double-bond isomerisation product was obtained.
Diethyl 2-oxomalonate (2e) has been little studied as an enophile in comparison with (CHO) n or other 2-oxoesters. [19] The resulting -hydroxymalonic esters, once hydrolysed, can undergo oxidative bisdecarboxylation, with the whole sequence being synthetically equivalent to an ene reaction of carbon dioxide. We noted very low conversions with the aluminium Lewis acids as well as with SnCl 4 at 0 ºC or room temperature (Table 5 , entries 1-5). Very modest conversion and isolated yield could be only achieved with SnCl 4 at low temperature though, fortunately, the reaction was scalable to 10 mmol (Table 5 , entry 6).
We next turned our attention to some enophiles possessing a neat formyl group. The reaction of aliphatic and aromatic aldehydes with alkenes was described to be promoted by Me 2 AlCl. [17] We also found out that the reaction of 1 with 2,3,4,5,6-pentafluorobenzaldehyde (2f) was better effected with EtAlCl 2 or Me 2 AlCl than with SnCl 4 (Table 6 ). Among the two former, Me 2 AlCl provided a moderate combined yield of the expected methylidenic alcohol 3f and the relative deprotected diol 4f (Table 6 , entry 3). It is worthy of mention that this reaction could be easily scalable to 5 mmol. (18) [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Complex mixture. [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Deprotected 3f.
A similar trend to that mentioned above for 2f was observed when using 6-nitropiperonal (2g) as the enophile, though, in contrast, an intractable reaction crude mixture was obtained with SnCl 4 (Table 7 , entry 1). In this case, EtAlCl 2 displayed slightly better behaviour than Me 2 AlCl, with the in-situ deprotection to the corresponding diol reaching the highest conversions recorded for all the enophiles tested in the present research (Table 7 , entries 2 and 3). Table 7 . Carbonyl-ene reaction of 1 with 6-nitropiperonal (2g).
Entry Lewis acid
[mol-%]
1/2g
[mmol]
[a] [a] Determined from the GLC peak area, isolated yield in parenthesis.
[b] Deprotected 3g. [a]
[a] Reaction conditions: 3 (1 mmol), TBAF (1.58 mmol), THF, 0 ºC to r.t.; 4 (1 mmol), PdCl2 (5 mol-%), CuCl2 (50 mol-%), 35% H2O2 (10 mmol), MeOH (10 mL, entries 1, 6, and 7) or EtOH (10 mL, entries 2-5 The next step of the synthetic sequence was to submit all compounds 3 to deprotection. Tetra-(n-butyl)ammonium fluoride in THF was used for this purpose under mild conditions and quite distinct reaction times (Table 8) . [20] The conversion into the homoallylic alcohols 4 was quantitative with the exception of compound 3e (60%). The isolated yields of 4 ranged from modestto good (47-71%) due to an important loss of mass during the work-up and/or purification (Table 8) . With a series of methylidenic diols 4 in hand, we studied their palladium-catalysed intramolecular acetalisation, under the Wacker-type conditions previously developed by us. [9, 10] The simplest diol, 3-methylenepentane-1,5-diol (4a), was transformed into the unsubstituted perhydrofuro [2,3-b] furan 5a in high conversion (Table 8 , entry 1). The low isolated yield attained was attributed to the high volatility of this compound. This represents the third synthesis of 5a, the previous ones involving the reaction oflitioacetonitrile with protected 2-bromoethanol, deprotection and acetalisation, [5a] and the rhodium-catalysed hydroformylation-acetalisation of alkenediols. [21] It must be stressed that the reactions with the ethyl oxoester derivatives 4b-4e were carried out in ethanol instead of in methanol in order to prevent transesterification (Table 8 , entries 2-5). The perhydrofurofurans 5b-5d were obtained in moderate yields and with some stereoselectivity in favour of the (2R*,3aS*,6aR*) diastereoisomer for 5b and (2S*,3aS*,6aR*) diastereoisomer for 5c and 5d (Table 8 , entries 2-4). The difference in the moderate stereoselectivity observed between these examples follows a similar trend as the difference in the steric contribution of the two substituents at the 2-position of the bicycle; i.e., CO 2 Et vs. H in 5b gave higher diastereomeric ratio than CO 2 Et vs. Me or CF 3 in 5c and 5d, respectively. A perhydrofurofuran-2,2-dicarboxylate (5e) was also successfully prepared in moderate yield from the diol derived from diethyl 2-oxomalonate (4e) ( Table 8 , entry 5). The more steric demanding pentafluorophenyl and 6-nitrobenzo[d] [1, 3] dioxol-5-yl groups imparted higher diastereoselectivity to the perhydrofurofurans 5f and 5g, respectively, with the later achieving a maximum ratio of 87:13 also in favour of the (2R*,3aS*,6aR*) diastereoisomer (Table 8 , entries 6 and 7). In general, equal or higher reaction times were needed in order to get high conversions, in comparison with the hydrocarbon-substituted analogues previously synthesised by us. [9, 10] The major (2R*,3aS*,6aR*) relative configuration observed for 5b, 5f, and 5g is in agreement with that reported by us for 2,5-disubstituted and 2-monosubstituted perhydrofuro [2,3-b] furans, [9, 10] and it was confirmed by n.O.e. experiments conducted on both diastereoisomers of compound 5b (Figure 2) . A small n.O.e. was observed for 2-H and 3a-H in both diastereoisomers, whereas n.O.e. between 2-H and 5-H was manifested only in the major diastereoisomer. We believe that, by analogy with the perhydrofurofuran bearing a phenyl group at the 2-position, [10] the location of 2-H and 5-H in (2R*,3aS*,6aR*)-5b is closer compared with that in (2S*,3aS*,6aR*)-5b, what would explain the shown n.O.e. (Figure 2 ). In the same vein, we discussed about the opposite stereoselectivity exhibited by 5c and 5d, favouring the (2S*,3aS*,6aR*) diastereoisomer. The stereochemistry was also established on the basis of n.O.e experiments performed on compound 5c. As depicted in Figure 3 , n.O.e between 2-H and 5-Me in (2R*,3aS*,6aR*)-5c is in concordance with the short interatomic distance measured on its geometry-optimised model (PM3 semiempirical method was applied). [22] In contrast, this particular n.O.e. was not detected for the major diastereoisomer (2S*,3aS*,6aR*)-5c, where the mentioned nuclei are far away. The stereochemistry of 5d, in which the bulkier trifluoromethyl group is present, could be rationalised likewise.
It is worthwhile mentioning that the relative stereochemistry in compounds 5 could be nicely correlated with the 1 H NMR chemical shift of the acetal hydrogen H-6a (Table 9 ). In all cases, H-6a appeared more deshielded in (2R*,3aS*,6aR*)-5 than in (2S*,3aS*,6aR*)-5, with a chemical shift range of 5.87-6.02 and 5.75-5.95 ppm, respectively. Furthermore, the difference in chemical shift was larger (ca. double ) in the 2-monosubstituted series (Table 9 , entries 1, 4, and 5) than in the 2,2-disubstituted derivatives ( Table 9 , entries 2 and 3). Indeed this seems to be a direct and reliable method to assign the relative stereochemistry of 2-substituted perhydrofuro [2,3-b] furans (whenever both diastereoisomers are available), as the same tendency was observed for perhydrofuro [2,3-b] furans with a hydrocarbon substituent at the 2-position [10] or 2,5-positions.
[7d]
A reaction mechanism for this palladium-catalysed intramolecular acetalisation was proposed in our original contribution, [9] in terms of oxypalladation-dehydropalladation reactions. [23] We tried to rationalise the differences in diastereoselectivity observed between the 2-monosubstituted and 2,5-disubstituted perhydrofurofurans. The diastereomeric ratios of the former, containing hydrocarbon substituents (85:15-93:7), [10] were akin to those discussed in this article (76:24-87:13) but in both cases lower than those obtained for the 2,5-disusbtituted derivatives (94:6->99:1). [9] In the latter case, two plausiblepalladium hydride complexes VI and IX were proposed, resulting from a first cyclisation, followed by the corresponding hypothetical transition states VII and X suggested for the second cyclisation (Scheme 2). Unfavourable steric interactions involving the two R groups in the transition state VII, which are absent in X, could account for the preferential formation of perhydrofurofuran -cis-6 through the intermediate XI. A similar argument was invoked to explain the -cis-5 as being the mayor diastereoisomer in the 2-substituted perhydrofurofuran series. In this case, however, the energy difference between the hypothetical transition states XIII and XVI must be lower than between VII and X, and thus there is a decrease in the diastereoselectivity. 
Conclusions
We have devised a new route toward the synthesis of perhydrofuro [2,3-b] furans consisting of: (a) protection of isopentenyl alcohol, (b) carbonyl-ene reaction with paraformaldehyde and various activated enophiles, (c) alcohol deprotection, and (d) palladium-catalysed intramolecular acetalisation under Wacker-type reaction conditions. In the ene reaction, tin(IV) chloride was the Lewis acid of choice for ethyl glyoxylate, ethyl pyruvate and ethyl 2-oxomalonate, whereas dimethylaluminium chloride behaved better for paraformaldehyde, ethyl trifluoropyruvate and pentafluorobenzaldehyde, and ethylaluminium dichloride for 6-nitropiperonal. The resulting homoallylic diols were transformed into the corresponding perhydrofurofurans in modest yields and variable diastereoselectivity, which was lower than that found for the 2,5-disubstituted analogues. The relative stereochemistry of the perhydrofurofurans was unequivocally established on the basis of n.O.e. experiments.
Experimental Section
General: Dimethylaluminium chloride and ethylaluminiumdichloride were purchased as a 1.0 M solution in hexane from Aldrich. Tin(IV) chloride, 3-methylbut-3-en-1-ol, paraformaldehyde, ethyl pyruvate, ethyl 3,3,3-trifluoropyruvate, diethyl ketomalonate, 2,3,4,5,6-pentafluorobenzaldehyde, and 6-nitropiperonal were commercially available of the best grade (Aldrich and Alfa Aesar) and were used without further purification. Ethyl glyoxylate (50% in toluene, Aldrich) was distilled prior to use. Dry THF and dichloromethane were dried in a Sharlab PS-400-3MD solvent purification system using an alumina column. Tetra-n-(butyl)ammonium fluoride was purchased as a 1.0 M solution in THF (Alfa Aesar).
Infrared analysis was performed with FT-IR Nicolet Impact 400D and Jasco 4100LE (Pike MIRacle ATR) spectrophotometers; wavenumbers are given in cm -1 . NMR spectra were recorded on Bruker Avance 300 and 400 spectrometers (300 and 400 MHz for 1 H NMR; 75 and 100 MHz for 13 C NMR) using CDCl3 as solvent and TMS as internal standard; chemical shifts are given in ( ) parts per million and coupling constants (J) in Hertz; Mass spectra (EI) were obtained at 70 eV on an Agilent 5973 spectrometer; fragment ions in m/z with relative intensities (%) in parenthesis. HRMS analyses were carried out on a Finnigan MAT95S spectrometer. The purity of volatile compounds and the chromatographic analyses (GLC) were determined with a Hewlett Packard HP-6890 instrument equipped with a flame ionisation detector and a 30 m capillary column (0.32 mm diameter, 0.25 m film thickness), using nitrogen (2 mL/min) as carrier gas, Tinjector = 275 ºC, Tcolumn = 60 ºC (3 min) and 60-270 ºC (15 ºC/min); retention times (tr) are given in min. Flash column chromatography was performed using silica gel 60 of 40-60 microns.
General procedures for the carbonyl-ene reaction:
Method A: [17] The Lewis acid solution (Me2AlCl or EtAlCl2, 2.2 mmol) was added, via syringe and under nitrogen, to an ice-bath cooled solution of the enophile (2, 1 mmol) and protected isopentenyl alcohol (1, 0.2 g, 1 mmol) in dry CH2Cl2 (5 mL). The ice bath was removed after the addition and the solution stirred and monitored by GLC and/or TLC. Work-up was performed by the slow addition of 5 mL of a NaH2PO4 saturated aqueous solution and 10 mL of Et2O to the reaction mixture. The precipitated alumina was dissolved by the dropwise addition of 10% HCl. The organic layer was separated by decantation, the aqueous phase was extracted with Et2O (3 × 10 mL), and the combined organic layers were dried with anhydrous MgSO4 and evaporated in vacuo. The residue obtained was subjected to flash chromatography (silica gel, hexane/EtOAc) to yield the corresponding ene adducts 3. Method B: [24] SnCl4 (0.12 mL, 1 mmol) was added dropwise to a stirred solution of the appropriate enophile (2, 1 mmol) and protected isopentenyl alcohol (1, 0.2 g, 1 mmol) in dry CH2Cl2 (5 mL) at -78 °C. The mixture was stirred at this temperature for the time indicated in Tables 1-7 . Then, saturated aqueous NaHCO3 (3 mL) was added and the mixture was allowed to warm to room temperature before being partitioned between CH2Cl2 and water. The organic extract was washed with brine and dried with anhydrous MgSO4. Removal of the solvent under reduced pressure followed by flash chromatography (silica gel, hexane/EtOAc) yielded the corresponding ene adducts 3. 
5-(tert-Butyldimethylsilyloxy)-3-methylenepentan-1-ol (3a):

5-(tert-Butyldimethylsilyloxy)-3-methylene-1-(pentafluorophenyl)pentan-1-ol (3f):
Following Method A (Table 6, General procedure for the deprotection of homoallylic alcohols 3: [20] TBAF (1.58 mmol) was added to a stirred solution of the diol 3 (1 mmol) in dry THF (33 mL) previouly cooled in an ice bath. The ice bath was removed and the solution was stirred with monitoring by GLC or TLC. Silica gel was added to the resulting mixture followed by solvent evaporation and flash chromatography (silica gel, hexane/EtOAc).
3-Methylidenepentane-1,5-diol (4a): [17] General procedure for the intramolecular acetalisation of homoallylic diols 4: A solution of PdCl2 (8.9 mg, 0.05 mmol), CuCl2 (67.2 mg), and the corresponding methylidenic diol 4 (1 mmol) in MeOH (10 mL, for 4a, 4f, and 4g) or EtOH (10 mL, for 4b-4e) was prepared in a screw top tube, followed by the addition of a 35% H2O2 solution (0.86 mL, 10 mmol). The top was airtight on the reaction tube which was heated at 70 ºC for 24 h. After that time, the reaction was monitored by TLC and GLC. One additional portion of 35% H2O2 solution (0.86 mL, 10 mmol) and heating (70 ºC for 24 h) was required for 4c, 4e-4g (Table 8 , entries 3, 5, 6 and 7) and two portions for 4d (Table 8 , entry 5). The solvent was evaporated to dryness, followed by the addition of EtOAc (20 mL) and filtration through Celite. The filtrate was washed with brine (2 5 mL), the organic phase was dried over anhydrous MgSO4 and the solvent evaporated under vacuum. The work-up was different for compounds 5a, 5b, and 5e: brine (10 mL) was added to the reaction mixture, followed by extraction with CH2Cl2 (3 × 20 mL), washing of the organic phase with water (2 × 10 mL), and filtration through Celite. The solvent was evaporated under vacuum at 15 ºC. All compounds 5, except 5a, were purified by column chromatography (silica gel, hexane/EtOAc).
cis-Perhydrofuro[2,3-b]furan (5a):
[5a]
Colourless oil. Rf = 0.33 (hexane/EtOAc 7:3); tr = 6.89 min. 1 
